Introduction
The interconnector in a solid oxide fuel cell (SOFC) stack provides the electrical contact between single cells and separates the fuel on the anode side from the oxidant on the cathode side operating at 800 -1000 o C (Fergus, 2005) . The main problem in metal interconnects development is the continued growth of oxide scale that could decrease the cathode/cells performance (Mikkelsen et al., 2001) . In order to promote better performance, the challenge is to obtain fully dense nanostructured bulk alloy (Zhang et al., 2004) and surface
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Engineering modification to control the oxidation rates (Quadakkers et al., 1989) . This study is aimed to investigate the sintering process of nanostructured powder alloy by means of the spark plasma sintering (SPS) method and to compare the results with conventional sintering technique by means of the hot-pressing (HP). The reactive element (RE) (i.e. Lanthanum, La) into the alloy surface is introduced using ion implantation technique. Furthermore, the purpose of the present work is to compare different densification technique and investigate the beneficial effect of La ISSN: implantation in newly developed FeCr alloy in terms of oxidation behaviour.
Experimental

Materials
Fe-20%wtCr alloy powder was prepared by ball milling iron (99.99% purity) and chromium powder (99.99% purity) in a Retsch PM400 planetary ball mill at 300 rpm milling speed for 60 h under argon atmosphere. The as-milled powders were then sintered with two different densification techniques: SPS and HP process.
The as milled Fe-Cr powder was packed in graphite die with an inner diameter of 20 mm and was densified by using SPS system Model 10-3 (Thermal Technology LLC, California, USA) at a loading pressure of 120 MPa. The resulting compacts were sintered of 800 and 900 °C at a rate of 400 °C/min. The compacts were maintained at the temperatures for 5 min in a vacuum. Meanwhile HP process, the Fe-Cr powder was sintered in the temperature of 1000 °C. The details were reported in our previous study (Sebayang et al., 2010) . The densities of the sintered specimens were determined according to Archimedes method. The density value also will be considered as a basis for comparing the results of different sintering processes. Then, the alloys obtained will be designated by an abbreviation; for example, the final FeCr alloy as sintered by SPS at 800 °C will be called SPS800.
Prior to ion implantation, the samples with the size of surface area of about 8 cm 2 were ground using up to #1500 grit SiC sandpapers and polished to 0.05 µm diamond paste. After the samples were ultrasonically cleaned in ethanol over 30 min, they were implanted with La at the nominal dose of 1 × 1017 ions/cm 2 using ion implanter of CockcroftWalton Type. The ion beam energy was maintained at 100 keV with 10 µA/cm 2 beam current density and 200 kV extraction voltages.
Apparatus and procedures
Oxidation tests were performed in laboratory air at the atmospheric pressure in a high temperature box furnace at 900 °C for up to 100 h in air. The samples were taken out of the furnace at the interval of 20 h to check the mass gain using an analytical balance with an accuracy of ± 0.01 mg. The phase compositions of the samples were identified by Xray diffraction (XRD, Bruker D8 Advance with Cu Kα radiation). Investigation on microstructural, the oxidized alloy was first cross-sectioned and mounted with resin, then ground and polished using the standard metallographic procedure. The microstructure investigations were examined using a scanning electron microscopy (SEM, JEOL JSM-6380LA) equipped with an energy-dispersive X-ray spectrometer (EDS).
Results and discussion
To take the advantage of the unique properties of the high performance nanostructured material the nanometer range powder particles have to be consolidated nearer to full theoretical density of the material, i.e. after consolidation nanofeatures should be retained in the densified material. To achieve this it has to restrict the grain growth or coarsening during densification. Therefore, the temperature and time of consolidation are to be restricted at low value in order to achieve smaller grain sizes as well as higher compact of the consolidated alloy. Table 1 showed that the fully-dense FeCr were more compacted for the as SPS sintered than the HP sintered samples. The enhanced densification by SPS was attributed to self-heat generation by the microscopic discharge between the particles, activation of the particle surfaces, and the high speed mass and heat transfer during the sintering process (Zhu et al., 2004) . It is supposed that the pulsed current propagates through the powder particles inside the SPS sintering die. The beneficial effect of SPS in the densification of alloy was on its capability to pin the grain boundaries which will limit the grain growth of the alloy. The SPS was very significant to lower the sintering temperature and shorter soaking time with only about 10% of the load that is required for HP process.
In this study, among the consolidation technique: SPS and HP, the SPS sample resulted in finer crystallite size than HP process which influenced by the reduction in an extensive grain growth during sintering process. The results of the crystallite size Table 1 . Crystallite size (Sebayang et al., 2011) calculation are also shown in Table 1 . In HP sintering, it is more time consuming in order to achieve the sintered/consolidated alloy. The SPS samples were sintered with lower sintering temperature than HP process. However, the densification takes place much faster in the SPS than in HP process. Furthermore, the consolidation/holding time of SPS process was only in 5 minutes; meanwhile in HP is about 45 minutes (Sebayang et al., 2010) . This is likely to reduce the grain growth of sintered product. Figure 1 shows the mass gain for the samples oxidized at 900 °C for 100 h. It is apparent that the mass gain for the sample as sintered by spark plasma sintering, SPS800, is reduced significantly than other types of samples, confirming its high corrosion resistance as indicated by its thin/dense scale in cross-section SEM/EDS profile (Fig 2) , as further discussed later. Comparative analysis of the oxidation kinetics at various temperatures shows that mass gain decrease in order the La-implanted HP1000, SPS900, and SPS800 (Fig 1a) . Meanwhile for the unimplanted samples (Fig 1b) also show the similar order, however, different in level of mass gain reduction. Implantation of La to all studied samples had an effect of reducing the oxidation. It shown by the mass gain value for the implanted alloy is reduced better than unimplanted samples. According to (Quadakkers et al., 1989) , the reactive elements are known to be able to exert an effect on the early stages of oxide growth. The contribution of La implantation to the alloy/oxide interface is also essential for the effectiveness of internal to external oxidation transition to form a continuous and slow growth oxide (chromia) layer. The impact is particularly noticeable to the SPS800 sample. If compared with the unimplanted samples, the mass gains reduced approximately 35% for the implanted samples.
As noticed above that the mass gain for SPS800 shows the better reduction than other samples. Other reasons for such behaviour of the mass gain trends, it also could be explained due to the microstructure of alloy. In our previous work ( Sebayang et al., 2011) , it was showed that the improved oxidation resistance was observed as the fine crystallite size of alloy. The improvement in oxidation resistance due to the finer crystallite size of alloy was also in agreement with the study by (Gupta et al., 2010) which could be explained as following. Nanocrystalline alloys arise mainly because of the faster diffusion of elements that can form passive oxide film and/or because of improved adhesion of passive film formed over the nanocrystalline structure. In addition, this also could be due to the fact that the oxidation resistance is sensitive to the microstructural (nanostructural) characteristics of the alloy.
From the mass gain results, it was determined that for all specimens, the parabolic oxidation model was the best fit for the measured data. The parabolic oxidation model assumes that the oxidation process is diffusion limited, meaning that the rate of oxidation is limited by the rate of diffusion of either oxygen or metal ions across the oxide scale (Kofstad, 1989) . The curves of mass gain of Figure 1 were then fitted to the parabolic rate model, according to the Wagner's method (Palcut et al., 2010) . The results of these calculations are given in Table 2 . The parabolic rate constants were found to vary about 8 and 14; 10 -11 g 2 cm -4 s -1 for SPS800; about 12 and 17 10 -11 g 2 cm -4 s -1 for SPS900; and about 14 and 20 (10 -11 g 2 cm -4 s -1 for HP1000, for each implanted and unimplanted specimens respectively. In order for alloy to be suitable for SOFC interconnect applications, a parabolic rate constant below 10 -14 g 2 cm 4 s -1 is required, and a value below 10 -15 g 2 cm -4 s -1 would be ideal (Antepara et al., 2005) . As none of the alloys, implanted and unimplanted, resulted in a parabolic rate constant within the required range, therefore further modifications are required in order for the alloys tested to be suitable for SOFC interconnect. However, in this study it showed that the as SPS sintered material has a better performance compared to the HP sintered material.
The oxidized alloy then further analyzed due to the cross section SEM/EDS line scan. Figures 2 and  3 show only the selected implanted SPS800 and unimplanted HP1000 samples. It was considered due to the different sintering process, surface treatment (ion implantation), and significant oxide profiles of samples. From figures, it can be clearly seen the thickness of the oxide scale or layer formed on the substrate surface. SPS800 sample (Fig 2) shows better scale adherence, dense, and thinner compared with HP1000 (Fig 3) . Furthermore, the scale morphology of HP1000 shows some porous or void scale randomly detected. As also confirmed by the mass-gain curve before, the SPS800 possesses better oxidation resistance compared to HP1000. The thick oxide is clearly divided into two regions, where the outer layer is more porous than the inner layer, as shown in Figure 3 .
Meanwhile, the EDS line scan for each sample as also shown in Figures 2 and 3 mainly Cr-oxide at the interface oxide scale/substrate. Chromium was present in the interface oxide scale/substrate and enriched in the oxide layer. The peak heights of O element also corresponded to the thickness of oxide scale, as shown in the EDS line scan profile (Figs 2 and 3) . The surfaces of the samples, with and without La implantation, were then analyzed by XRD for the oxide scale chemical compositions analysis. The XRD patterns after oxidation for all studied samples, implanted and unimplanted, are shown in Figures 4 and 5. After oxidation, the FeCr phase (substrate) is easily observed in all XRD graph with a strong peak (110) near 2 = 44. There are also relatively weak FeCr peaks found near 2 = 64 and 82, which can be assigned to reflections from (200) and (211) According to the principles of gas/solid phase reaction kinetics, the alloy oxidation reaction processes are oxygen diffusion through gas-phase boundary to the surface of oxide, and then through the oxide scale to the reaction interface; the oxides are formed at the reaction interface (Mikkelsen et al., 2001) . In the early oxidation stage, the reaction speed is mainly controlled by the reaction speed at the interface, since the oxide scale is very thin. In the final stages, it is mainly controlled by diffusion because the oxygen diffusion path widens with the increasing thickness of the scale. In the middle stage, oxygen diffuses to the interface either through the scale or directly through the oxide scale pores and cracks, so that both the reaction and diffusion speed affect the oxidation rate.
For all the surface implanted and unimplanted samples, Cr 2 O 3 was detected. The La implanted samples showed LaCrO 3 phase, and the phase La 2 O 3 . The phases Fe 2 O 3 were also detected. This phenomenon may occurred due to the high oxygen pressure provides a driving forces for iron (as the main element of original substrate) diffusion through the chromia scale as the interface oxide layer/substrate to form iron oxide. The XRD analysis also reveal the appearance of (Fe,Cr) 2 O 3 and Cr 2 O 3 phases at exposure time by thermal oxidation at the specimen surface. It establishes the process of outward diffusion of Cr through the oxide layer at the specimen surface. The oxide scale structure is rather complex. However, in the simplest case it can be considered to be a chromium oxide layer with some lanthanum-chromium oxide or iron-chromium oxide formed at the surface.
The formation of chromia was very essential which offer the potential as the protective oxide in order diminished the growth rate of oxide scale which usually spall under SOFC temperature operation condition. Other reason the formation of those oxides was of vital importance which could have a detrimental effect such as in the electrical properties that shows a large dependence on them. Nevertheless, the thermally grown oxide scales, which occur in the alloys surface, also may induce to other performance such as the thermal expansion mismatch between the scale and substrate that lead to the oxide scale spallation, which strongly restrict their engineering application. Therefore, the most important features in the metallic interconnector development are due to the ability to form protective and slow growth of oxides scale, especially the continuous chromia scale in the SOFC at a high temperature range operation. In term of Wagner method, the level growths of oxide scales are known as a parabolic rate constant. The number of studies is being carried out to found the metallic interconnects which have near or ideal the required parabolic rate constant value (Antepara et al., 2005) . However, no satisfactory solution has been found. Therefore, the interconnect materials development has still many great challenge to be further explored. Current work is underway to assess the effectiveness of differences sintering process (SPS and HP method) and surface treatments (La ion implantation) over 100 hour period, in order to validate the present results after longer exposure. The sintering process was mainly considered due to the microstructure (nanostructure) of formed (sintered) alloy. The cross sectional SEM observation occurs that the studied alloys sintered by SPS after oxidation were better in the scale thickness, adherence, and morphology, which also evidenced by lower oxidation growth (Fig 1) , compared to conventional HP sintering. SPS prepared FeCr specimen shows a very homogenous microstructure with no porosity and very good adherence with lesser porous or void scale of the SPS800 specimen, including inside the substrate compared to HP prepared specimen, as shown by cross-sectioned sample observation presented in Figure 2 and Figure 3 , respectively. Moreover, the oxidation resistance of some materials is also reported (Zhang et al., 2005) to be superior in nanocrystalline form when compared with that in microcrystalline state. In this study, the interesting phenomenon is also distinguished which increased remarkably with finer/reduction of the nanocrystalline structure, or an increase in volume fraction of interface which mainly influenced by two different sintering process. Due to the large fraction of the interface, many properties of nanocrystalline materials have been found to vary significantly from those of coarse-grained materials. Among these is oxidation behaviour (oxide scale morphology and adherence). Most importantly, the oxidation behaviour is sensitive to the microstructural (nanostructural) characteristics of the material. It is noted that the improved oxidation resistance in nanocrystalline alloys arises mainly because of the faster diffusion of elements that can form passive oxide film and/or because of improved adhesion of passive film formed over nanocrystalline structure.
At a given temperature and external oxygen partial pressure, the critical amount of Cr required for the formation of external Cr 2 O 3 layer will only depend upon the diffusion coefficient of Cr in the alloy. Diffusivity of the alloying elements in nanocrystalline materials is reported to be much greater than that in microcrystalline materials (Zhang et al., 2005; Gupta et al., 2010) . Diffusion in a material can be characterized as the combined effect of diffusion through the grain boundaries and lattice diffusion (Gupta et al., 2010) . The grain boundary area fraction in nanocrystalline materials is much greater than that in microcrystalline (coarser crystallite size) materials and therefore contribution of grain boundary diffusion coefficient in nanocrystalline materials is significantly greater in SPS samples which leads to a significant increase in the overall diffusion coefficient of alloying elements compared to the HP prepared FeCr specimen.
Meanwhile, the lanthanum ion implantation is primarily contributed to the adherence of oxide scale/substrate, as evidenced by cross sectional SEM analysis. The contribution of alloy surface treatment to the alloy/oxide interface is also essential for the effectiveness of internal to external oxidation transition to form a continuous oxide (Cr 2 O 3 ) layer. At the substrate/oxide scale interface, the EDS analysis was detected the elemental Fe, Cr, La, and O, which can be considered as Cr 2 O 3 ; (Fe,Cr) 2 O 3 ; LaCrO 3 ; and La 2 O 3 . These observations suggest that the oxidation rate can, to some extent, be controlled mainly by the alloy microstructure (grain size control while the sintering process) and the surface treatment process, such as the ion implantation in this work.
Conclusions
The oxidation kinetics of SPS sintered FeCr showed better quality than that of conventional HP. Moreover, the beneficial effect of La implanted FeCr on the oxidation resistance was also clearly visible. Microstructure observations revealed the effectiveness of spark plasma sintering method for improving thinner and a stronger scale/metal interface during oxidation process which presents the homogenous structure with good adherence and a uniform inter-diffusion layer between substrate and oxide scale.
